The MALBEK Detector
The Majorana collaboration is pursuing the construction of a tonne-scale 76 Ge-based neutrinoless doublebeta decay (0νββ) experiment [1] . The collaboration's current focus is the assembly of the Majorana Demonstrator, a roughly 40 kg array of of high purity germanium (HPGe) detectors with 30 kg of detectors made from material enriched to 87% in 76 Ge. The main goal of the Demonstrator is to demonstrate background levels of approximately 3 cnts/(t-y) in the 0νββ region of interest, low enough to justify the construction of a tonne-scale 0νββ experiment. The Demonstrator uses p-type point contact (PPC) HPGe detectors. These detectors exhibit extremely low electronic noise, allow for pulse shape based background rejection, and are scalable to large arrays. The technical promise of these detectors for physics other than 0νββ, such as coherent neutrino-nuclear scattering and direct dark matter searches, is presented in [2] . As a part of the research and development efforts for the Demonstrator, a customized 465 g Broad Energy Ge (BEGe) PPC detector manufactured by Canberra Industries was installed at the Kimballton Underground Research Facility (KURF) in Ripplemead, Virginia [3] . This detector is referred to as the Majorana Low-Background BEGe at Kimballton (MALBEK) [4] . MALBEK's goals were to study the performance and backgrounds of a PPC detector and perform a search for light (< 10 GeV/c 2 ) weakly interacting massive particle (WIMP) dark matter. Results from an analysis of 89.5 kg-d of data are presented here.
MALBEK was moved to KURF on 12 January 2010. The KURF building is on the 14 th level of the Kimballton mine at an overburden of 1450 meters of water equivalent shielding. The mine has drive in access, making transportation of personnel and equipment to the laboratory relatively easy. Power, water, and internet are provided at the site. The MALBEK detector and shield are housed in the KURF laboratory building within a modified shipping container equipped with humidity controls and an air filtration system. An adjacent shipping container houses the slow control systems and data acquisition (DAQ) electronics. The detector sits inside of a conventional graded shield, comprised of a 2.5 cm layer of ancient lead with 210 Pb activity < 0.01 Bq kg −1 [5] and a 20 cm outer layer of lead purchased from Sullivan Metals. Surrounding the lead shield is a hermetically-sealed acrylic box that is continuously purged with liquid nitrogen boil-off to reduce radon backgrounds. An additional 25 cm layer of polyethylene shields the detector from neutrons. The thickness of the polyethylene shield was constrained by the internal dimensions of the shipping container that houses the detector.
The MALBEK detector was built by Canberra Industries with custom low-background internal components and an OFHC copper cryostat fabricated at the University of Chicago. MALBEK is outfitted with a low-noise integrated transistor reset preamplifier with two identical signal outputs. One output is AC-coupled directly into a VME-based, Struck Innovative Systeme 3302 (SIS3302) 16-bit digitizer. This Pb gamma-ray peak is clearly present in the pre-shim removal energy spectrum along with an increased number of events at low energies caused by gamma-ray interactions occurring near the surface of the detector. The post-shim data shows a factor of 10 reduction in the 46.5 keV line and correspondingly fewer events at low energies.
unamplified channel has an energy range of ∼0.8 − 2600 keV. The second signal output is AC-coupled into a Phillips Scientific 777 fast amplifier before being digitized by the SIS3302. The amplified channel has a range of ∼0.4 − 150 keV and is used for the dark matter analysis. The use of a high gain and low gain channel allows for studies of backgrounds over a wide range of energies, from the detector threshold up to the 76 Ge 0νββ region of interest at 2039 keV. The SIS3302 is running a custom firmware version that implements a trapezoidal filter capable of self-triggering on low amplitude signals. 80 µs of data are recorded for each trigger to allow for offline event energy reconstruction and pulse shape analysis. Events that occur in coincidence with data readout from the SIS3302 through the VME backplane are removed in realtime to minimize the effect of noise induced by VME bus traffic. This results in a small, < 1%, decrease in the detector live time. The MALBEK DAQ and slow-control system is controlled by ORCA, an object-oriented data acquisition application with built-in remote monitoring and control capability [6] . ORCA is used to automate slow control operations, monitor environmental conditions, and provide daily reports to operators on data quality and excursions from standard operating parameters.
Data Collected with MALBEK
The first year of MALBEK operations at KURF were spent testing DAQ configurations for use with the Majorana Demonstrator. In addition to these runs, a series of calibrations were performed with the detector removed from the shield. These calibration measurements will be discussed in detail in an upcoming publication. Two datasets collected with the SIS3302 based DAQ will be described here. The first was collected between 8 March 2011 and 27 May 2011 (79.8 d). These data exhibited a significant and unexpected peak at 46.5 keV originating from 210 Pb. A detailed simulation of the MALBEK internal geometry showed that the likely source of 210 Pb contamination was a pair of lead shims used to hold the Ge crystal within the cryostat [7] . In October 2011, the detector was driven from KURF to Canberra Industries in Meriden, Connecticut, and the lead shims were replaced with low-background PTFE. The data collected during this period are not suitable for a WIMP search due to the significant background contribution from 210 Pb in the WIMP region of interest. However, the 210 Pb contamination internal to the cryostat provided a low energy gamma-ray calibration source that will be discussed in detail in Section 3. The detector was returned to KURF and the data used for the light WIMP search were acquired between 15 November 2011 and 8 August 2012 (287.9 d). Due to a period of frequent power outages at KURF, the dataset is divided into two distinct run periods, 15 November 2011 to 12 March 2012 and 9 April 2012 to 29 August 2012. There were additional periods of dead time within the two run periods caused by intermittent power outages at the mine. The two data periods are calibrated separately using a set of low energy x-ray lines from 68,71 Ge, 65 Zn, and 68 Ga. During data taking, an arbitrary waveform generator was used to inject ∼35 keV signals at a frequency of 0.1 Hz into the test input of the preamplifier. The location and width of the waveform generator peak in the energy spectrum were measured for every hour long run, enabling the electronic noise and gain drift to be tracked as a function of time. The electronic noise remained stable throughout operation at a level of 164.4 ± 0.5 eV and gain drifts at the detector threshold were smaller than 10 eV. The reset rate of the preamplifier remained constant within 1 Hz during the run period, indicating no periods of increased detector leakage current. An event-by-event timing analysis was done to look for periods of increased electronic noise and it was found that non-poisson processes make up less than 0.5% of the rate below 1.0 keV.
Slow Events
A significant background in PPC detectors arises from interactions occurring near the lithium diffused n + contact on the surface of the detector [8] . Diffusion and recombination processes are hypothesized to dominate charge transport in this region, resulting in energy degraded signals that take longer to reach their maximum amplitude than events originating in the depleted bulk. Representative examples of a slow surface event and a fast bulk event are shown in Figure 1a . Figure 1b shows energy spectra collected during 40 live days before and after the lead shims discussed in Section 2 were removed from the MALBEK cryostat. The spectrum collected before the removal of the lead shims shows a peak at 46.5 keV from 210 Pb and a population of events that increase in number towards the detector threshold. These events originate from 210 Pb gamma-rays that, because of their short mean free path in Ge, interact near the surface of the detector and suffer from incomplete charge collection. The spectrum obtained after the removal of the lead shims show a factor of 10 reduction in the magnitude of the 46.5 keV peak and a corresponding reduction in the slow event continuum near the detector threshold. The distribution of the slow rise-time events in the pre-lead shim removal data is roughly exponential with energy, closely mimicking the expected signal from a WIMP interaction in a Ge detector. It is therefore important to characterize the residual slow event contamination after any cut designed to remove them.
Slow events are identified by measuring their rise-time, usually defined as the time it takes for a signal to reach some fraction of its maximum amplitude. This can be done by smoothing the waveform to remove noise, calculating the maximum value of the waveform, and scanning along the waveform to determine its rise-time. Applying this technique to MALBEK data with energies above 2 keV results in a clear separation between fast events from interactions that occurred in the detector bulk and slow events from interactions occurring near the surface of the detector. However, below 2 keV, this calculation fails to distinguish slow and fast events due to the reduced signal-to-noise ratio of the digitized waveform. To identify slow events at these energies, a parameter sensitive to rise-time, w par , was developed in [5] based on the wavelet power spectrum of a digitized waveform. w par is less sensitive to high frequency noise that can be misidentified as maxima during the rise-time calculation. Slower rise-time events have correspondingly smaller w par values. The distribution of w par for 40 live days of data taken before the removal of the lead shims is shown in Figure 2a . The band of events centered around w par = 20 are surface events with slow rise-times, mostly originating from 210 Pb x-rays. The band of events centered around w par = 30 are fast bulk events. Peaks from 65 Zn and 68 Ge x-rays can be seen at 8.98 keV and 10.38 keV in the fast event band. Despite the improved performance of w par in determining event rise-time, overlap between the slow and fast event bands below 2 keV is evident in Figure 2a . In order to search for a WIMP induced signal within this dataset, one must remove or quantify the slow surface events that contaminate the region of interest. Ideally, this would be done using a predictive model that simulates an event's amplitude and rise-time based on its interaction location within the germanium crystal. A preliminary model is presented in [5] and work towards this goal is ongoing. In the absence of a quantitative description of slow event distributions, an alternative approach must be used. Section 4 describes two methods to address the slow pulse contamination in the WIMP region of interest. The first approach implements a cut on w par that retains 99% of fast bulk events but accepts an unknown number of slow events. An exponential component is then included in the WIMP spectral fit to model the slow event distribution. The second approach places a stricter cut on w par , removing a greater portion of slow events from the dataset at the expense of a reduced efficiency for fast bulk events, including WIMP-nuclear recoils.
Data Analysis
MALBEK analysis was done using the Germanium Analysis Toolkit (GAT), a modular data analysis framework developed by the Majorana collaboration. A series of initial cuts were applied to remove nonphysics events and periods of high noise from the dataset. Timing cuts were implemented to remove events coincident with preamplifier inhibit pulses, injected test events, and events occurring within 15 minutes of a liquid nitrogen dewar fill. Additional cuts were applied to eliminate non-physics events caused by microphonics and high voltage micro-discharges. Non-timing cuts were designed to accept 99% of fast bulk events using a dataset of pure fast events generated by injecting pulses with amplitudes ranging from the trigger threshold up to 10 keV into the test input of the preamplifier. Additional details on data selection can be found in [5] . The same set of waveform generator induced fast events used to determine the cut efficiencies was used to determine the trigger efficiency of the SIS3302 digitizer. The trigger efficiency drops below 99% at 550 eV. The analysis threshold was defined to be 600 eV to avoid systematic effects from rapidly changing efficiencies due to small gain shifts at threshold. The live time of the dataset after all cuts is 221.49 d. The active volume of the detector was determined by comparing the ratio of events observed in the 81 keV and 356 keV peaks from a 133 Ba source to a detailed Monte Carlo simulation [8] . It was determined that the full charge collection depth is 933 ± 120 µm. This reduces the active mass of the detector from 465 g to 404.2 ± 15 g, resulting in a total exposure of 89.5 ± 0.3 kg-d.
Two analyses were performed to search for a WIMP nuclear recoil signal in the 89.5 kg-d dataset. The first analysis utilizes a w par slow event cut that accepts 99% of the fast pulser events at a given energy, as shown in Figure 2b , and treats the unquantified slow event distribution remaining in the signal region as an unknown background as described in [5] . The efficiency corrected energy spectrum after all cuts is shown in Figure 3a along with the calculated fast event acceptance efficiency curve. An unbinned extended maximum likelihood fit was performed incorporating a flat background component, the 65 Zn and 68,71 Ge L-capture lines, an exponential representing the shape of the unknown slow-signal contamination, and a signal from WIMP induced nuclear recoils. The WIMP spectrum assumes the expression for the Ge quenching factor The number of events have been normalized to one so that regions with different rates can be compared in the same figure. The red circles show the normalized counts in the 1.10 keV 68 Ge x-ray peak and the 1.30 keV 65 Zn x-ray peak for the dataset taken after the lead shims were removed. The events contributing to these features occur predominantly in the bulk of the detector and should be unaffected by the w par cut placement. The black circles show the normalized counts in the region between the L peaks and the detector threshold, where significant slow event contamination is expected. The black triangles show the counts in the pre-shim removal data between 1.6 keV and 3.6 keV. The event rate in this region is dominated by slow events originating from 210 Pb gamma-rays interacting near the detector surface.
described in [9] and standard halo assumptions of v o = 220 km/s, v esc = 544 km/s, ρ = 0.3 GeV/c 2 cm 3 , and the Helm form factor [10] . 90% confidence bounds were determined for WIMP masses ranging from 5.5 GeV to 100 GeV. The 90% upper limit on the spin-independent WIMP-nucleon cross section is shown in Figure 4 along with a selection of recent results from other WIMP searches.
In an effort to reduce the slow event contamination near threshold, a second analysis was performed using a w par cut that is constant with energy as shown in Figure 2b . The constant w par cut removes events from the region where the slow event leakage is the most significant at the expense of a reduced efficiency for accepting fast events. The acceptance efficiency for bulk events is calculated using the fast pulser dataset. The placement of the the constant w par cut was determined by examining the number of efficiency corrected events remaining in different features of the energy spectrum after the cut. Figure 3b shows the efficiency corrected counts in the 68 Ge and 65 Zn x-ray peaks as a function of w par cut value. The counts in the peak are normalized to one to allow for comparison between different regions of the spectrum. The events contributing to these peaks are fast bulk events. If the acceptance efficiency calculated from the fast pulser dataset is correct, the number of efficiency corrected counts in the peaks should remain stable independent of the w par cut placement. Figure 3b also shows the normalized counts in the region 0.6 − 0.9 keV, where the slow event contamination is most significant. As the w par cut value increases and more slow events are eliminated, the number of events in the region from 0.6 − 0.9 keV decreases. At values greater than w par = 25, the majority of slow events have been removed. Similar behavior can be seen in the region from 1.6 − 3.6 keV in the 40 live day dataset taken with lead shims internal to the cryostat. In this dataset, the region above the 68 Ge and 65 Zn x-ray lines is dominated by slow events originating from the 210 Pb gamma-ray interacting near the surface of the detector. The number of events in this region decreases with decreasing w par until w par = 25, when the majority of the remaining events are fast bulk events. Figure  3a shows the efficiency corrected spectrum with a constant w par = 25 cut and the bulk event acceptance efficiency curve calculated using the fast waveform generator dataset.
The insensitivity of the number of efficiency corrected counts in the 68 Ge and 65 Zn x-ray peaks to the w par cut placement, as shown in Figure 3b , provides a check that the fast event efficiency calculated from (red long dash), LUX [12] (green dash), TEXONO [13] (violet short dash), and closed contours from CoGeNT [9, 14] .
the waveform generator dataset is correct. At energies below the x-ray peaks, there are no spectral features that allow for a similar test of the calculated fast event acceptance. To account for a possible systematic error in the fast event acceptance efficiency, the 24.7% uncertainty in the number of counts in the x-ray peaks was used as an estimate of the error in the calculated fast event acceptance across the entire region of interest. The same methods described above were used to search for a WIMP signal, only no exponential component was included in the spectral fit. The 90% exclusion limits calculated from this analysis are shown in Figure 4 .
Conclusions
The MALBEK detector has been a valuable tool for exploring the backgrounds present in PPC detectors in the WIMP region of interest. Based on this work, there is no evidence for a WIMP induced signal in the 89.5 kg-d of data collected at KURF. It is clear that events that interact near the n + contact are a significant source of background, and future experiments will need techniques for identifying slow events and models capable of predicting slow event distributions. The Majorana Demonstrator will operate with approximately 100 times the mass of the MALBEK detector and with a lower projected background in the WIMP region of interest. The Demonstrator has the opportunity to competitively search for WIMPs with masses below 10 GeV/c 2 [15] and the Majorana collaboration is continuing to develop tools that will help accomplish this goal.
